Introduction
Hepcidin, a small peptide secreted by the liver, has a key role in coordinating the use and storage of iron with iron acquisition 1 . It acts by binding to ferroportin, an iron exporter present on the surface of enterocytes and macrophages, and induces its internalization and lysosomal degradation 2 . The loss of ferroportin from the cell surface prevents iron efflux from intestinal enterocytes and recycling of iron from senescent erythrocytes by macrophages. Hepcidin expression is normally enhanced by dietary or parenteral iron loading 3 , thus providing a feedback mechanism to limit intestinal iron absorption. By contrast, hepcidin production is inhibited by iron deficiency anemia and tissue hypoxia 4 , which increases iron availability for use in erythropoiesis.
Hepcidin expression was recently shown to be regulated by the bone morphogenetic protein (BMP) signaling pathway 5 , and our previously published data indicated that Bmp6 mRNA levels, but not those of other Bmps, were concordant with changes in hepcidin mRNA concentrations, i.e. increased by iron overload and decreased by iron deficiency, suggesting that BMP6 could be the endogenous regulator of hepcidin 6 . This was confirmed by the observation that targeted disruption of Bmp6 in mice produces a massive iron overload in the liver and other organs 7, 8 . Although other Bmp molecules are functional in the severely ironoverloaded Bmp6-deficient mice, they do not compensate for the absence of Bmp6, demonstrating that this iron-regulatory function is unique to Bmp6 among the BMP family.
However, although Bmp6 mRNA and protein expression are induced by iron overload in the mouse liver 9,10 , it is not yet known whether BMP6 only derives from the liver or also from other sources.
Recently, Arndt et al. 11 suggested that the small intestine was the main source of iron-induced Bmp6 expression and proposed a model of hepcidin regulation in which iron absorption in the small intestine would induce BMP6 secretion by the enterocytes. BMP6 would then be delivered to the liver via the portal circulation and activate the signaling pathway leading to hepcidin transcription. To investigate this model further, we examined Bmp6 expression in the liver and the duodenum of three different strains of mice with iron overload induced either by an iron-enriched diet or by inactivation of the Hfe gene. Our data show that, irrespective of the genetic background of the mice, iron overload upregulates Bmp6 expression in the liver but not in the duodenum.
Design and Methods

Mice
Male mice of the C57BL/6 and DBA/2 backgrounds were purchased from the Centre 
Tissue iron measurement
Quantitative measurement of hepatic non-heme iron was performed by a colorimetric assay as described previously 13 .
RNA preparation and real-time quantitative PCR
Liver and duodenum samples were dissected for RNA isolation, rapidly frozen, and stored in liquid nitrogen. Total RNA was extracted and purified using the RNeasy Lipid Tissue kit 
Immunohistochemistry
Four-micrometer sections of paraffin-embedded tissues were mounted on glass slides. Immunohistochemical staining was performed using the ImmPRESS Reagent (ImmPRESS Anti-Goat Ig peroxidase Kit; Vector Laboratories) according to the instructions of the manufacturer. Sections were counterstained with hematoxylin. Tissue sections from Bmp6-deficient mice were used to check antibody specificity.
Western blots
Protein lysates were prepared as in 11 , and 40 µg of the lysates were separated on a 10% SDS- from Bmp6-deficient mice were used to check antibody specificity.
Statistical analyses
Mean liver iron contents and mean "Ct (Ct Hamp -"Ct Hprt) between the different groups of mice were compared by Student's t-tests. The 95% confidence intervals for the differences (""Ct) were obtained with SAS version 9.1. Point estimations of fold changes were obtained by raising 2 to the power -""Ct (2 -""Ct ) and the confidence intervals for the fold changes were derived from the confidence intervals of ""Ct 14 .
Results
Bmp6 mRNA expression is induced in the liver but not in the duodenum of mice with experimental iron overload.
Bmp6 mRNA expression is about 2-fold higher in the liver than in the duodenum of wild-type mice fed an iron-standard diet (expression ratio = 1.97; 95% confidence interval: 1.75 -2.21).
As shown in Figure 1A , we observed the previously described 10 induction of Bmp6 mRNA expression in the liver of mice of three genetic backgrounds (C57BL/6, DBA/2, and 129/Sv) fed an iron-enriched diet (8.5 g/kg carbonyl iron) for 3 weeks. Conversely, no significant induction of Bmp6 mRNA was detected in the duodenum of these mice. We used another model of iron overload, i.e. mice deficient for the hemochromatosis Hfe gene, to confirm these data. As do mice with secondary iron overload, Hfe-deficient mice of the three genetic backgrounds (C57BL/6, DBA/2, and 129/Sv) develop hepatic iron overload, leading to the upregulation of Bmp6 expression in the liver but not in the duodenum ( Figure 1B ).
Induction of Bmp6 mRNA expression in the liver is correlated with Bmp6 protein detection by immunohistochemistry.
To confirm these data at the protein level, we stained liver and duodenum tissue sections with 
Discussion
Although Bmp6 mRNA and protein expression are induced by iron overload in the mouse liver 9, 10 , other sources of BMP6 may exist and small intestine has been recently proposed as the predominant site of Bmp6 production upon iron loading. In this study, we used mice of three genetic backgrounds (C57BL/6, DBA/2, and 129/Sv) in which iron accumulation was induced by either an iron-enriched diet or disruption of the hemochromatosis Hfe gene.
Whereas we observed the increase in liver Bmp6 mRNA initially detected by DNA microarrays 6 , there was no detectable variation in Bmp6 mRNA expression in the duodenum.
Similar data were recently obtained with hemojuvelin-deficient mice on a 129/SvEvTac background 15 . Hemojuvelin (HJV) is a GPI-linked membrane protein that acts as a BMP6
coreceptor in the liver 7 and is a critical upstream regulator of hepcidin transcription.
Homozygous or compound heterozygous mutations of HJV in humans and disruption of both
Hjv alleles in mice markedly reduce hepatic hepcidin expression and cause severe iron overload [16] [17] [18] [19] . Interestingly, whereas Hjv-deficient mice have Bmp6 mRNA levels 4 times higher than wild-type mice in their liver, no significant difference in Bmp6 mRNA expression was found in their small intestine 15 .
Immunodetection was performed with two Santa Cruz anti-BMP6 antibodies, S-20 as in 11 and N-19 as in 10 . A centrilobular pattern of Bmp6 staining was observed in the liver of iron overloaded mice. Noticeably, the centrilobular Bmp6 staining in these mice does not coincide with the periportal location of iron visualized by Perls' coloration, which excludes iron interference with immunodetection. As shown on Fig.2 , there seems to be an iron threshold below which Bmp6 immunodetection is not easy. Immunostaining is for instance much lower in the moderately iron-loaded 129/Sv mice than in the highly loaded C57BL/6 mice fed an iron-enriched diet or DBA/2 Hfe-deficient mice. This suggests that basal levels of BMP6 (not detected by immunohistochemistry) in the liver are probably sufficient for physiologic modulation of hepcidin outside of massive iron.
Noticeably, no staining was seen in the duodenum, consistent with the lack of messenger induction in the two experimental models of iron overload we studied, either dietary or due to
Hfe-deficiency. Some aspects of responsiveness to iron overload are strain-specific 13, 20 and we wanted to exclude the possibility that Bmp6 induction by iron in the small intestine would be observed in some strains and not in others. We therefore assessed Bmp6 expression in response to iron overload in mice of three different genetic backgrounds, C57BL/6, DBA/2, and 129/Sv, but Bmp6 expression in the duodenum was similar between iron-loaded and DOI: 10.3324/haematol.2010.031963
strain-matched controls, no matter the genetic background. There is some degree of genetic variation among 129 substrains 21 and, although the 129 mice we used in this study (129S2/SvPasCrIf) and the 129 mice used by Arndt et al. 11 (129Sv/Ev) both derive from the same congenic strain, residual heterozygosity may be responsible for slight heterogeneity between the two substrains and account for the differences between the two studies. However, in none of the backgrounds studied so far, other than 129Sv/Ev, experimental iron overload was able to induce Bmp6 expression either at the mRNA or at the protein level in the duodenum, whatever the mechanism used to generate iron accumulation (iron-enriched diet,
Hfe-deficiency, or Hjv-deficiency).
In the current study, mice were fasted for 14 hours before examination of small intestine and this was not specified as being done in 11 . There is a possibility that the Bmp6 signal in response to iron loading is only transient. Although it is not specified that Hjv-deficient mice have been fasted either 15 , we wanted to eliminate this potential bias and repeated the study on a group of five iron-loaded 129/Sv mice and five strain-matched controls that were not fasted before they were killed. We were not able to detect any increase in Bmp6 expression in these conditions either (data not shown). The way the iron loading signal would be relayed to the enterocyte is not yet entirely clear and, noticeably, does not necessarily involve direct iron sensing by the enterocytes. Indeed, Arndt et al. 11 observed a strong induction of Bmp6 in intestinal epithelial cells not only after feeding the mice an iron-supplemented diet but also 4 or 8 hours after injection of iron-dextran into the retro-orbital plexus. Once in the blood circulation, the iron-dextran complex is not excreted from the body but taken up by the liver cells and the reticuloendothelial tissues, from which iron is made available for hemoglobin formation 22 . Iron therefore does not transit through the potential iron-sensing enterocytes and the signal that would command enterocytes to produce BMP6 in this situation needs to be clarified.
Despite the lack of immunodetection with the two anti-BMP6 antibodies in the duodenum, we performed Western blot experiments as in 11 . As expected, Bmp6 protein was below detection in the duodenum of mice fed with an iron-enriched diet but a 23 kD band was detected in the liver of the iron-loaded C57BL/6 mice fed an iron-enriched diet. Surprisingly, the same 23 kD band was also observed in the liver of Bmp6-deficient mice and, as shown on Supplemental Figure 2 , the Santa Cruz antibodies cross-react with an unknown protein whose expression correlates with iron. This specificity control was unfortunately not shown in the previous study 11 . Noticeably, these findings do not challenge our above-described immunohistochemistry data. Indeed, the respective locations of iron and Bmp6 in the liver are not overlapping and there is no Bmp6 staining in the liver of Bmp6-deficient mice.
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